Abstract Cholinergic neurons are intensively studied, because they degenerate in Alzheimer's disease. Although neurotracer techniques are widely used to study axonal transport, guidance, regeneration or sprouting it is not clear if cholinergic neurons can be stained by tracer techniques and studied in brain slices. The aim of the present study was to evaluate the characteristics of the neurotracer Miniruby in organotypic brain slices of the basal nucleus of Meynert (nBM), focusing on cholinergic neurons. Miniruby is a biotinylated dextran amine and is taken up very fast by a variety of cells. When 2-week old nerve growth factor-incubated brain slices of the nBM were treated with Mini-ruby crystals for 1 h, only a few (2-3%) cholinergic neurons were clearly labeled as shown by co-localization with choline acetyltransferase. The staining was found in neuN-positive neurons and microtubule associated protein-2 (MAP-2)-positive nerve fibers. A very rapid dynamic change was observed in these labeled varicosities within seconds. However, Mini-ruby was taken up also by many glutamine synthethase-positive astrocytes. At the site of Mini-ruby application an intense CD11b-positive microglial staining was evident. In conclusion, neurons and astrocytes in organotypic brain slices can be labeled very fast with the fluorescent dye Mini-ruby which undergoes dynamic processes.
Introduction
In Alzheimer's disease a decline of cholinergic neurons directly correlates with cognitive deficits and memory loss. Thus, the characterization of cholinergic neurons is of high importance, especially to study survival and nerve fiber innervations. The organotypic brain slice model has been demonstrated as an excellent in vitro model to study the survival of different cell types, the cytoarchitecture of the tissue, and the connections between cells [1] [2] [3] [4] . Individual cells within the brain slices remain in close contact and do not lose density-dependent regulatory mechanisms, three-dimensional architecture as well as tissue-specific transport and diffusion probabilities. The organotypic brain slice model has been used to study survival of cholinergic neurons of the septum, as well as their nerve fiber innervations to the hippocampus [2] . In our research group we have extensively studied cholinergic neurons of the basal nucleus of Meynert (nBM) in organotypic brain slices when cultured with nerve growth factor [5] [6] [7] .
Neurotracing techniques [8] are widely used to study axonal transport [9] , guidance [10] regeneration [11] or sprouting [11] [12] [13] . However, no reports are available on the neurotracing of nBM cholinergic neurons. The present study uses a fluorescently tagged biotinylated dextran amine, Mini-ruby, which is widely used to trace neuronal projections in vitro and in vivo [9, 17] . Mini-ruby is a 10,000 MW conjugate of tetramethylrhodamine and biotin with dextran. Such dextran conjugates can function efficiently as anterograde or retrograde tracers. The purpose of the present study was to explore if cholinergic neurons of the nBM can be selectively labeled by Mini-ruby. This tracer seems to be very useful because it is taken up very fast. We expect that at least partly cholinergic neurons take up the neurotracer, which would give us a potent tool to further characterize these neurons in brain slices.
Experimental Procedure

Organotypic Brain Slice Cultures
All experiments conformed to Austrian guidelines on the ethical use of animals and all efforts were made to minimize the number of animals used and their suffering. Organotypic brain slice cultures were established as described by us in detail [5, 6] . Briefly, the nBM of postnatal day 7-9 (P7-9) Sprague-Dawley rats was dissected under aseptic conditions, 400 lm slices were cut with a tissue chopper (McIlwain, USA), and the slices were placed on a 30 mm diameter Millicell-CM 0.4 lm membrane insert (Millipore, Austria), where they become attached to the membrane after 2 weeks of incubation. It is important to note, that the ipsilateral as well as contralateral brain areas were dissected at the same time, cut on the tissue chopper and all slices pooled in medium. Slices were cultured in 6-well plates (Greiner) at 37°C and 5% CO 2 with 1.2 ml/ well of the following culture medium: 50% MEM/HEPES (Gibco), 25% heat inactivated horse serum (Gibco/Lifetech, Austria), 25% Hanks' solution (Gibco), 2 mM NaHCO 3 (Merck, Austria), 6.5 mg/ml glucose (Merck, Germany), 2 mM glutamine (Merck, Germany), and 10 ng/ml nerve growth factor (NGF, Sigma) at pH 7.2. Medium was changed twice a week. After 2 weeks in culture, a few crystals of Mini-ruby (Invitrogen, D3312) were placed directly onto the surface of the slice using the tip of a small needle. The slices were incubated for 1-24 h and were then observed under the fluorescence Leica DMIRB inverse microscope using a Y3 filter (excitation 535/50 nm, emission 610/75 nm). Afterwards, slices were fixed for 3 h at 4°C in 4% paraformaldehyde/10 mM phosphate buffered saline (PBS) and then stored at 4°C in PBS. In addition and for comparison, we also tested the NeuroTrace tissue labeling paste DiO (Invitrogen, N22881).
Immunohistochemistry
Immunohistochemistry was performed similarly as previously described [5] . All incubations were performed free floating for 2 days including 0.1% Triton, such that the antibodies can penetrate from both sides of the slices, which allows good penetration of the antibody into the brain slices. Slices were washed 30 min with 0.3% Triton/ PBS (T-PBS) at room temperature. After thorough rinsing, the slices were blocked with 20% horse serum/0.2% BSA/ T-PBS and then incubated for 2 days at 4°C with primary antibodies against choline acetyltransferase (ChAT, 1:750, Millipore), neuN (Millipore, 1:1,000), glutamine synthethase (GS, 1:2,000, Abcam) and against microtubule associated protein-2 (MAP-2, 1:200, Millipore). Then the slices were washed again with PBS and incubated with secondary anti-goat (ChAT), anti-rabbit (GS) and antimouse (neuN, MAP-2) Alexa-488 antibodies (1:400, Invitrogen) for 1 h at room temperature. To label nuclei, slices were incubated with 4,6-diamidino-2-phenylindole (DAPI, 1:10,000, Sigma) for 30 min. Immunolabeling was visualized with a Leica DMIRB fluorescence inverse microscope equipped to an Apple computer with Openlab 4 software (Improvision). The following filters have been used to visualize DAPI (Filter A4, excitation 360/40, emission 470/40), Alexa 488 (Filter L5, excitation 480/40, emission 527/30) and Mini-Ruby (Filter Y3, excitation 535/50, emission 610/75).
Results
Mini-Ruby Application in Organotypic Brain Slices of the nBM
When Mini-ruby was applied to the brain slices, several fluorescent areas were visible all over the brain slice already after 1 h (Fig. 1a, b) . Because the Mini-ruby crystals were applied very carefully, a homogenous application could not be obtained (Fig. 1b) . The Mini-ruby dye seemed to be taken up mainly by cells at the surface of the slices.
Mini-Ruby in Cholinergic Neurons
Cholinergic neurons were visualized by immunohistochemistry for ChAT ( Fig. 1c-g ). In the nBM brain slices 97 ± 5 ChAT-positive neurons/slice (n = 12) were counted, but only 3 ± 0.5 neurons were Mini-ruby positive ( Fig. 1d-g ).
Mini-Ruby in Neurons and Astrocytes
Neurons in brain slices were stained by neuN (Fig. 2a) . Costaining showed that neuN positive neurons were labeled by Mini-ruby, however, a large population of Mini-ruby positive cells was neuN negative (Fig. 2b-c) . Immunohistochemistry for glutamine synthetase stained astrocytes (Fig. 2d ) and for MAP-2 stained neuronal processes (Fig. 2g) . Mini-ruby clearly labeled mainly GS-positive astrocytes (Fig. 2e-f ). Double labeling of brain slices with Mini-ruby and MAP-2 indicated some Mini-ruby-positive neuronal perikarya (Fig. 2h) , but mainly positively stained nerve fibers and varicosities were seen (Fig. 2i) . In order to compare Mini-ruby with another neurotracer, the tissue labeling paste DiO was applied onto slices. However, this tracer was not easy to apply onto the slices and did not yield clearly labeled cells in brain slices.
Effects of Mini-Ruby Application on Microglia in Organotypic Brain Slices
When Mini-ruby was applied onto organotypic nBM brain slices a strong immunoreactive staining was evident for CD11b (Fig. 3a, d ) after 24 h, which co-localized with the site of Mini-ruby application (Fig. 3b, c) . However, Miniruby-positive cells did not co-localize with CD11b-positive microglia (Fig. 3e, f) .
Dynamic Changes of Mini-Ruby Positive Processes
Brain slices of the nBM treated with Mini-ruby displayed several tracer-positive processes which had a rapid turnover within 30 s (Fig. 4) . Processes were seen where the tracer was markedly increased in varicosities and rapidly disappeared within seconds (Fig. 4a) . In some cases a cell perikaryon was filled with the tracer within seconds either by retrograde transport or uptake (Fig. 4b) . In some processes enhanced fragmented Mini-ruby-positive varicosities were found (Fig. 4c) . In the majority of cases the Mini-ruby positive varicosities disappeared within seconds (Fig. 4d) . 
Discussion
The present study shows, that the fluorescent tracer Miniruby is able to label a few cholinergic neurons but many non-cholinergic neurons and glial cells in brain slices of the nucleus basalis of Meynert. Furthermore, varicosities in nerve fibers demonstrated a tracer-positive labeling and exhibited a dynamic turnover.
Several classes of tracers exist and are divided into fluorescent and non-fluorescent markers [8] . A variety of retrograde and anterograde fluorescent tracers, such as carbocyanine dyes or dextran amines can be visualized under the microscope and provide numerous approaches for analyzing neuronal circuits [14, 15] . Thus, fluorescent markers in combination with techniques such immunohistochemistry or electrophysiological recording provide the opportunity to study various neurobiological questions [14, 16] . In contrast to non-fluorescent tracers, fluorescent markers offer the major advantage of the simultaneous examination in vitro and in vivo [8] . It has been Fig. 2 Neuronal and glial uptake of Mini-ruby in organotypic brain slices of basal nucleus of Meynert. Brain slices were stained for neurons by neuN (a), for astrocytes by glutamine synthetase (GS) (d) or neuronal microtubuli-associated protein-2 (MAP-2) (g). One hour after Mini-ruby application several strongly or weakly stained small or large cells (b, e, h) were found, but also an intense nerve fiber network was visible (h). Co-staining clearly identified that a neuron (c, arrow) was labeled with Mini-ruby, however, several astrocytes were identified to be positive (f). Neuronal processes (varicosities) were clearly labeled with Mini-ruby (circle, i). Some cells were stained with nuclear DAPI. DAPI was visualized with filter A4 (excitation 360/40, emission 470/40), neuN, GS or MAP-2 by Alexa 488 with filter L5 (excitation 480/40, emission 527/30) and Mini-Ruby with filter Y3 (excitation 535/50, emission 610/75). Scale bar in a = 50 lm demonstrated that tracers are incorporated via diffusion into neurons at the injection site and transported rapidly in a retrograde or anterograde direction [8, 17] . However, it is not consistent if exclusively neurons or additionally glial cells can be labeled. In this study, Mini-ruby, a fluorescently (tetramethylrhodamine) tagged biotinylated dextran amine with a size of 10,000 MW was used to study a tracer-positive cholinergic labeling in organotypic brain slices. Mini-ruby is a widely used neuronal tracer in vitro and in vivo [9, 17] and function efficiently as anterograde or retrograde tracers. Mini-ruby is supplied in a crystaline form and is applied onto the slices very carefully at different spots. Thus this type of application causes a relatively inhomogenous labeling of the slices. In addition, one needs to be very careful not to destruct the slices when the crystals are applied. Further studies are necessary to use dissolved dyes which can be easier applied as a liquid all over the slices. A similar problem was observed with the DiO paste. Another problem is that it looked like that mainly the surface cells in the brain slices were stained. Thus it seems likely that Mini-ruby does not diffuse deeper into the brain slice. It will be necessary to develop and use dyes which can more easily penetrate into the tissue and diffuse at least 100 lm into the slice.
The organotypic brain slice model is well established in our research group [5] [6] [7] and provides an easily accessible in vitro model containing all cells of the brain in close interaction. During the preparation of the slices, the processes of the neurons are cut, but these axotomized neurons had 2 weeks to recover and to seal their cut axons and dendrites. In the present study, we used single brain slices of the nBM, which are derived from early postnatal day 7-9 rat brains. Immunohistochemical staining against the key enzyme ChAT exhibits cholinergic neurons of the nBM. Furthermore, astrocytes are visualized by specific glutamine-synthetase labeling and neuronal cells and fibers are shown via MAP-2 staining. Microglia were stained against the selective CD11b antigen using the OX-42 antibody. Our data provide evidence, that only a few cholinergic neurons can be labeled within 1 h with the fluorescent tracer Mini-ruby. However, in addition to cholinergic neurons, non-cholinergic neuN positive neurons and GS-positive astrocytes were labeled. Thus, this shows that cholinergic neurons cannot be studied specifically under these conditions. To analyze cholinergic cells and axonal processes it will be necessary to stain the living brain slice with more selective dyes. Anyhow, this method may allow to visualize growth of nerve fibers in a co-culture system. Indeed anterograde tracing of the entorhinal-hippocampal pathway in organotypic brain slices has already been demonstrated [9] . In addition to the staining of neurons, many astrocytes were labeled by Miniruby, which indicates that the uptake of Mini-ruby was not selective for neurons. Furthermore, it was interesting to observe an upregulation and activation of microglial cells in the surrounding area of the Mini-ruby application site. This underlines the viability of the organotypic brain slice model as an in vivo-like model with a fast reaction time to different stimuli. However, we could not identify Miniruby-positive microglia, which is an intriguing observation regarding the upregulation of microglia after Mini-ruby application.
Our data clearly showed that Mini-ruby was found in neuronal processes, which were positive for MAP-2. This staining was also very prominent in neuronal varicosities, representing sites of enhanced dynamic activity and interaction between neurons. This could be interpreted, that Mini-ruby is taken up by neurons and transported either retrogradely or anterogradely. Compared to other fluorescent dyes, dextrans are incorporated into injured neurons and are transported rapidly in a predominantly anterograde direction. The nBM slice model represents an axotomized in vitro model, because cholinergic axons are cut during the dissection. However the majority of these axons survive in the brain slice when incubated with nerve growth factor. Anyhow, it is possible that these axons are more sensitive to uptake of Mini-ruby. To further study these processes, we observed the living brain slices under the microscope and found that the fluorescence signal in these varicosities underwent a rapid dynamic change within seconds. This phenomenon is not easy to explain, but we can exclude that the fluorescence was just bleaching or the focus of the microscope was shifting, because these dynamic changes appeared on definite fibers and not in the whole neuron. We observed several different forms of dynamic changes: (1) altered fluorescence at specific nerve fibers representing active transport (2) active loading of Mini-ruby into a cell representing retrograde transport or uptake (3), fragmentation of a cellular process into varicosities representing transport processes and (4) disappearance of a fluorescence spot representing metabolism, transport or release. Thus, our data suggest that the varicosities may display sites of dynamic enhanced activation [18] which alters within the axon. These varicosities may also present sites of neuronal plasticity [19] or changes in the intra-axonal ion concentration may have an impact on the fluorescent signal intensity [20] . However, further investigations will be necessary, especially to block axonal transport and to visualize if the transport occurs to the synapse or to the cell body.
Taken together, our study shows that Mini-ruby application to organotypic brain slices of the basal nucleus of Meynert stains a few cholinergic neurons but mainly noncholinergic neurons and astrocytes. The application was accompanied by microglial activation. The fluorescent staining rapidly disappeared in varicosities pointing to a rapid dynamic turnover within seconds. In conclusion, Mini-ruby may be a potent neurotracing tool to study neurons and astrocytes in organotypic brain slices.
